Background: Severe vitamin D deficiency is a common finding in morbid obesity, and the incidence increases markedly after RYGB. Normalization of vitamin D levels after RYGB is difficult to achieve because the degree of surgery-induced malabsorption is not known. Objective: To develop a test that quantifies the changes in intestinal cholecalciferol absorption induced by Roux-en-Y gastric bypass (RYGB) surgery. Methods: Absorption characteristics of cholecalciferol were studied in 14 morbidly obese, premenopausal women before and 4 weeks after laparoscopic RYGB. Serum cholecalciferol levels were measured at baseline and 1, 2, 3, and 14 days after a single oral dose of 50 000 IU solubilized cholecalciferol. Results: Peak serum cholecalciferol levels were observed on day 1 in all patients. They were 26.6G3.7% lower after RYGB (PZ0.02). Inter-individual variability was high. Conclusion: Peak cholecalciferol levels are reduced by about 25% after RYGB. Further analysis suggested that the timing of sampling in the current study was not optimal. This might have caused an underestimation of the true decrease in cholecalciferol absorption induced by RYGB.
Introduction
The Roux-en-Y gastric bypass (RYGB) is very effective in inducing weight loss in morbid obesity (1) . However, it is also associated with several undesirable side effects such as the loss of bone mass. A 10% reduction in bone mineral density in the first 2 years after RYGB is not uncommon (2) .
The aetiology of post-RYGB bone loss is multi-factorial (3) . Some loss may occur as a result of reduced mechanical loading of the skeleton because of massive weight loss (4) . This is probably unavoidable, but other risk factors are preventable and should be addressed appropriately. Vitamin D deficiency, defined as a serum level !50 nmol/l, is very common in morbidly obese patients, even in those awaiting bariatric surgery (5) . The reported prevalence of vitamin D deficiency prior to surgery ranges between 54 and 80% (6) (7) (8) . These low vitamin D levels before surgery have been attributed to inadequate intake, a lifestyle of limited sun exposure, and decreased bioavailability of vitamin D due to sequestration of the fat-soluble vitamin in excess adipose tissue (9) . As RYGB will impair intestinal vitamin D absorption, it will further increase the risk of developing vitamin D deficiency. The degree of RYGB-induced vitamin D malabsorption is presently not known. However, it appears that the length of the limb bypass is one of the determinants of postoperative vitamin D deficiency, i.e. vitamin D levels are lower after long-limb than after short-limb RYGB (10) .
Preoperative normalization of calcium and vitamin D metabolism, individualized postoperative supplementation regimens, and rapid treatment of calcium and vitamin D deficits detected after surgery should become the corner stones for the prevention of bone loss after RYGB. To date, however, rational guidelines for preoperative correction of vitamin D deficits in morbid obese patients are not available (11, 12) . Correction of postoperative vitamin D deficits is even more difficult to achieve because the dose adjustments that are needed to overcome malabsorption are presently not known. This lack of knowledge hampers the development of rational guidelines to correct postoperative calcium and vitamin D deficits. This study is focused on intestinal cholecalciferol absorption and attempts to quantify the changes induced by RYGB. There are two non-invasive approaches available to quantify intestinal cholecalciferol absorption: by measuring fractional faecal excretion of an oral dose of radiolabeled cholecalciferol or by measuring serum cholecalciferol levels after a single oral dose of unlabeled cholecalciferol (13) . The former method is cumbersome, time consuming, not readily available in most institutions, and not suitable for outpatient use. As we wished to develop a diagnostic tool that would be applicable on an individual basis in a large number of patients, we chose to quantify cholecalciferol bioavailability based on measuring postabsorptive plasma levels.
Patients and methods

Patients
The study included 14 obese premenopausal women 20-50 years of age, with a body mass index (BMI) of 35-50 kg/m 2 , and scheduled for laparoscopic RYGB (LRYGB) in the winter period of 2008-2009. Of the 14 patients, two had undergone a cholecystectomy previously. The time schedule was chosen to prevent any bias caused by the seasonal variation of cutaneous cholecalciferol production. The use of a solarium was not allowed. Exclusion criteria for participation were liver disease (liver enzymes O2 times the upper normal limit), kidney disease (glomerular filtration rate (GFR) !60 ml/min), gastrointestinal disorders suggestive of malabsorption, granulomatous disorders, diabetes mellitus O10 years, or clinical suspicion of diabetic gastroenteropathy, and medication known to affect vitamin D and bone metabolism (e.g. corticosteroids and anti-convulsive medication).
LRYGB was performed in a single centre by two dedicated bariatric surgeons who used the same techniques. All subjects received a 100 cm alimentary limb and a 40 cm biliopancreatic limb. Postoperatively, each patient was recommended to take multivitamins daily equivalent to 150% of the recommended daily allowance, omeprazole 40 mg once a day, and a combination of calcium carbonate 500 mg and vitamin D 3 400 IU three times a day (Calcichew 500/400 tid). Low-molecular weight heparin was given s.c. once daily, for 6 weeks postoperatively. The study was approved by the Regional Institutional Review Board. Written informed consent was obtained from all patients.
Methods
Vitamin D status was checked at baseline. When the serum 25-hydroxyvitamin D (25-OHD) level was !75 nmol/l, the deficit was corrected with oral, solubilized cholecalciferol FNA 50 000 IU/ml, as described previously (14) . Calculation of the loading dose needed to raise serum 25-OHD to the target level of 75 nmol/l was based on the equation: The prescribed loading dose was equal to the calculated dose rounded off upward to a multiple of 25 000 IU. The calculated dose was administered in divided portions of 50 000 IU/ml and, if necessary, a final portion of 25 000 IU. The gifts were administered on Monday, Wednesday, and Friday, until the total loading dose was reached. To check the results of vitamin D supplementation, serum 25-OHD levels were measured 14 days after the final dose.
The cholecalciferol absorption test was performed 4 weeks before and after LRYGB. The protocol required that a cholecalciferol absorption test should be scheduled at least 2 weeks after the completion of treatment for pre-existent vitamin D deficiency. After an overnight fast, a test dose of 50 000 IU was administered orally at 0900 h, in combination with 100 ml vanilla flavoured custard. Serum cholecalciferol levels were measured over a period of 15 days, starting 1 day before the ingestion of the test dose (TZK1), just before the ingestion of cholecalciferol (TZ0), and 1, 2, 3, and 14 days after (TZ1, 2, 3, and 14). In each subject, the timing (T max ) and the serum level of the peak cholecalciferol concentration (C max ) was assessed, and the cholecalciferol area under the curve over days 0-3 (AUC) was calculated, before and after surgery.
Measurements
All blood samples were taken in the fasting state, between 0800 and 0900 h. Serum cholecalciferol was measured by HPLC/u.v. light absorption analysis as described previously (15) . This technique has a detection limit of 1.25 nmol/l and an intra-and interassay coefficient of variation of 8.3 and 11.4% respectively. Serum 25-OHD levels were measured by RIA (DiaSorin, Stillwater, MN, USA), with a total imprecision of 11%. Serum 1,25-OHD levels were measured by RIA (Immunodiagnostic Systems GmbH, Frankfurt am Main, Germany), with an intra-and inter-assay precision of !12 and !14% respectively. The analytical detection limits of the 25-OHD and 1,25-OHD assay (defined as the concentration corresponding to the meanK2 S.D.s of ten replicates of the zero calibrator) were 3.75 nmol/l and 8 pmol/l respectively. Serum intact parathyroid hormone (PTH) was measured by a solid-phase, two-site chemoluminiscent enzyme-labeled immunometric assay (Immulite 2500, Siemens, Los Angeles, CA, USA), with an intra-and inter-assay precision of !6 and !9% respectively. The analytical sensitivity of this PTH assay was 0.3 pmol/l.
Statistical analysis
Results are shown as mean valuesGS.E.M. Power analysis was based on the study of Armas et al. (16) . This study showed that a single dose of 50 000 IU cholecalciferol briefly raised serum cholecalciferol by 30 nmol/l in ten healthy volunteers with a S.D. of To be able to detect a 25% difference between preand post-operative C max with aZ0.05 (one-sided) and bZ0.10, and assuming a correlation coefficient of 0.70 between pre-and post-operative measurements, 14 patients needed to be tested. Pre-and post-operative results were compared by paired t-test. A P value !0.05 was considered to be statistically significant.
Results
A total of 14 premenopausal women participated in the study. Their mean age was 37.0G2.1 years, and they had a BMI of 44.9G1.7 kg/m 2 (range 36.7-61.2 kg/m 2 ). Mean serum 25-OHD at screening was 38.0G4.0 nmol/l. Serum total calcium, phosphate albumin and PTH levels were within the normal range. Mean urinary calcium excretion was 3.4G0.5 mmol/24 h. Of the 14 patients, nine patients had reduced urinary calcium excretion rates, i.e. a calcium excretion of !4 mmol/24 h. As shown in Fig. 1, 12 patients had a 25-OHD level !50 nmol/l and two had a level between 50 and 75 nmol/l. The calculated vitamin D deficit ranged from 16 000 to 305 000 IU, with a mean of 188 366 G22 022 IU. All patients received oral cholecalciferol supplementation as described, the doses ranged from 25 000 to 300 000 IU. This regimen increased the mean 25-OHD level from 38.0G4.0 to 76.5G3.1 nmol/l (P!0.001). The post-supplementation level was O50 nmol/l in all patients, five patients had a level between 50 and 75 nmol/l and nine had a level between 75 and 100 nmol/l.
The main parameters of interest for this study, assessed on TZ0 of the pre-and post-operative absorption tests, are summarized in Table 1 . Mean weight decreased from 127.2G6.5 to 115.0G6.2 kg (P!0.001). Baseline serum cholecalciferol was significantly higher preoperatively than postoperatively (18.8G3.0 vs 5.8G1.3 nmol/l, P!0.001), whereas all other parameters were not different on the two occasions. All patients had received cholecalciferol treatment preoperatively to correct the pre-existent vitamin D deficit. The interval between the final dose of cholecalciferol supplementation and the preoperative baseline measurement of serum cholecalciferol varied from 11 to 16 days and it was !14 days in two subjects. All patients received the standardized postoperative supplementation regimen as described earlier, until TZK1 of the postoperative cholecalciferol absorption test.
The mean changes in serum cholecalciferol levels in response to a single dose of 50 000 IU are shown in Fig. 2A on the left. In all patients, peak levels were observed on the first day after the oral dose, before as well as after surgery. The maximal change in serum cholecalciferol (DC max ), defined as the difference between baseline and the highest post-absorptive level, varied markedly between patients. DC max ranged preoperatively from 43.3 to 118.5 nmol/l, and postoperatively from 10.0 to 142.3 nmol/l, i.e. the range widened after surgery (from 75.2 nmol/l preoperatively to 132 nmol/l postoperatively). The mean DC max decreased from 92 G6.5 to 63.5G10.3 nmol/l after surgery, i.e. a decrease of 26.6G3.7% (PZ0.02). As shown in Fig. 2B , DC max did not decrease in all subjects. Of the 14 patients, three patients demonstrated a post-surgery increase in DC max O10%. The AUC-cholecalciferol measured over 3 days, and corrected for the difference in baseline (DAUC), did not change significantly (59.0G4.4 to 45.3G6.7 nmol/l per day, PZ0.09).
Discussion
The aim of this study was to quantify the changes in intestinal cholecalciferol absorption induced by RYGB to serve as a starting point for the development of rational and individualized guidelines for dose adjustments to correct postoperative vitamin D deficits.
Preoperatively, all patients received solubilized cholecalciferol orally according to a recently published guideline to achieve a target level of 75 nmol/l (14) . According to this guideline, the required loading dose can be calculated based on the basal serum 25-OHD level and body weight. The latter is important to adjust the vitamin D requirements for differences in distribution volume. Differences in distribution volume and sequestration of vitamin D in adipose tissue explain why peak serum levels after an oral dose of vitamin D are lower in obese than in non-obese subjects (9) . Although the guideline referred to the above was developed for subjects weighing !125 kg, it performed very well in the obese women with body weights ranging from 98 to 177 kg (Fig. 1) . The result of the treatment was very close to the target level of 75 nmol/l. Although very promising, a further validation in a larger number of obese subjects will be necessary before this loading dose equation can be safely recommended for the rapid correction of vitamin D deficiency in morbid obesity. It may be of interest to examine whether correction for fat mass, as assessed by dual-energy X-ray absorptiometry or bio-impedance analysis, may serve to improve the accuracy of the loading dose equation in morbidly obese subjects. Cholecalciferol absorption was studied by means of AUC cholecalciferol (DAUC) and by assessing the peak change in serum cholecalciferol (DC max ). In this particular study design, DAUC was less sensitive to detect changes in cholecalciferol absorption than DC max . The mean DC max decreased by about 25% after surgery. This was less than that expected. Clinical practice has taught us that the individual needs of post-RYGB patients vary greatly and that they may require a weekly dose between 25 000 and 50 000 IU cholecalciferol to maintain their 25-OHD levels between 50 and 100 nmol/l (unpublished observations). In our experience, this is about four to eight times the amount required to maintain 25-OHD levels in normalweight subjects. Based on these findings, we expected to find a decrease in cholecalciferol absorption of at least 50-75%.
In theory, there are several explanations for the relatively small decrease in peak absorption.
First, although we planned to do the postoperative absorption test as early as 4 weeks after surgery, the patients had already lost a mean of 12 kg in weight at that time. This reduces the distribution volume, which will cause a rise in C max and the AUC, and thus masks the postoperative decrease in cholecalciferol absorption. Secondly, the timing of the sampling schedule may not be optimal and thus leads to an underestimation of the decrease in cholecalciferol bioavailability. As all subjects had their T max (the point of time that C max occurs) after 24 h and all serum cholecalciferol levels were lower at 48 h, it is most likely that the true T max must be somewhere in the first 24 h. If that is the case, the C max will be higher than the level measured after 24 h. In addition, the individual's T max may change after surgery. These issues will affect the estimated cholecalciferol bioavailability. We, therefore, conclude that more frequent sampling will be required during the first 48 h to determine the optimal sampling times, preoperatively as well as postoperatively.
Information regarding the cholecalciferol transport time from intestinal lumen to the blood compartment is essential to optimize the sampling times. Unfortunately, the literature is very scarce on this subject. Lymphatic transport is a major contributor of oral cholecalciferol bioavailability (17) . After uptake into the enterocyte, cholecalciferol associates with intracellular lipoproteins that are subsequently exocytosed and taken up into the intestinal lymphatic system. Further transport occurs as chylomicrons through the intestinal lymphatic system to the systemic circulation. In rats, the appearance of orally administered C 14 -labelled cholecalciferol in the intestinal lymph starts after about 4 h with a rapid increase in recovery during the next 16 h and then a subsequent decline (18) . These observations support the expectation that the preoperative T max in humans will occur somewhere within the first 24 h. Only two studies have described the first 24-h response to a single oral dose of 50 000 IU vitamin D in healthy humans (9, 19) . Both studies used ergocalciferol (vitamin D 2 ) instead of cholecalciferol (vitamin D 3 ), which we used. In the first study, the 50 000 IU oral dose was given to seven healthy volunteers, with samples taken at baseline and 4, 8, 12, 24, 48 , and 72 h afterward. Peak ergocalciferol levels were observed at 12 h, with lower values at 24 h (19) . In the second study, a single oral dose of 50 000 IU was given to 11 healthy subjects, and blood was sampled at baseline and 5, 10, and 25 h. Maximal serum ergocalciferol levels were found at 10 h (9) . In both studies, the time interval between the sample with the peak concentration and the next sample was rather large, i.e. 12-14 h, and it is conceivable that the true T max is somewhere between 12 and 24 h after a single oral dose. The T max after gastric bypass is not known. Initially, we assumed that the increased postoperative dose requirements to normalize serum 25-OHD levels were exclusively due to a decrease in cholecalciferol absorption. This might have been an oversimplification. Loss of cholecalciferol or 25-OHD as a result of an interrupted entero-hepatic cycle could also have been a factor. The hypothesis on entero-hepatic circulation of vitamin D was generated in the seventies based on observations in humans showing that considerable amounts of i.v. administered H 3 -labelled cholecalciferol or 25-OHD derivates appeared in the bile (20) . Subsequent studies, however, revealed that vitamin D was mainly excreted as biologically inactive polar degradation products and that the amount of intact cholecalciferol or 25-OHD was negligible (21, 22) . It is now commonly concluded that the entero-hepatic circulation of vitamin D is nil.
In theory, the postoperative increase in cholecalciferol requirements could also be due to changes in vitamin D metabolism. Poorer hydroxylation of cholecalciferol, lowering of vitamin D binding protein, or increased breakdown of hydroxylated vitamin D would increase the required amount of cholecalciferol to maintain normal 25-OHD levels. So far, these issues have not been studied.
In this study, two unexpected observations deserve comments. First, the preoperative basal serum cholecalciferol levels were found to be significantly higher than the postoperative levels (18.8G3.0 vs 5.8 G1.3 nmol/l, P!0.001). The interval of 2 weeks between the loading dose of cholecalciferol and the basal serum sample of the test might have been too short. Estimations are that about 14 days are required to convert the administered cholecalciferol into 25-OHD; however, in severely obese subjects this interval may be longer (23) . Postoperatively, the time span between the latest cholecalciferol loading dose and the basal measurements was about 80 days, which is more than long enough to achieve steady state.
In contrast to our expectations, and despite the carefully controlled cholecalciferol ingestion procedure during the absorption test, three subjects demonstrated a postoperative peak D-cholecalciferol that was more than 10% higher than the preoperative peak (Fig. 2) . Apart from a measurement error, this unexpected observation may be related to changes in T max after surgery. This is another argument to repeat the study with more frequent sampling during the first 48 h after the ingestion of the oral dose.
In conclusion, this study has shown that RYGB reduces the peak cholecalciferol levels by about 25%. Substantial inter-individual variability was observed, and a methodical underestimation of the true decrease in cholecalciferol absorption is suspected. A repeat study with an optimized sampling time schedule is considered necessary to obtain a more reliable estimate of the change in cholecalciferol availability after RYGB. If that can be achieved, the cholecalciferol absorption test may become a useful instrument to predict the patient's cholecalciferol requirements early after bypass surgery. It is conceivable that in the long term, intestinal adaptation may change fractional cholecalciferol absorption and that it could be useful to repeat the test when weight loss is completed and body weight has stabilized.
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